Abstract. We discuss the predictions of perturbative QCD for angular flows of final state particles in two and three jet events including their cms energy and jet resolution (ycut) dependence. The simple analytical formulae for gluon bremsstrahlung from primary partons, modified for gluon cascading, reproduce the main features of the experimental data well. For ycut-selected events, the particle flow is derived from a superposition of colour dipoles in much the same way that photon radiation is derived from electric dipoles.
Introduction
We study the angular distribution of particles between the hadronic jets in the final state of a high energy collision. The angular flow of such particles, most of them with low momentum < 1 GeV, is expected to depend characteristically on the colour connections of the primary partons [1] [2] [3] (for recent reviews, see, for example, [4] ). An early example of such a phenomenon concerns the final state e + e − → qqg. The soft radiation is not distributed symmetrically between the three jets, but rather is depleted in the angular region between the q and q directions. This effect was first predicted within the string hadronization model [5] . Subsequently, it has been derived within perturbative QCD [6] where the particle flow is derived directly from the soft gluon bremsstrahlung, which is emitted coherently from all primary partons but with different strength from gluon and quark emitters according to the QCD colour factors.
The first observation of the effect was due to the JADE collaboration [7] with many of the subsequent details having been studied by various experimental groups, for example [8] [9] [10] . This "string/drag effect" is by now well established and reproduced by the popular Monte Carlo models. The analytic calculations have been verified mainly for angles midway between the jets. Until now, the full angular pattern predicted by perturbative QCD had not been compared systematically with data. At PEP energies the TPC collaboration [8] found that their datathough in qualitative agreement with QCD expectationsshowed some quantitative differences with the asymptotic analytical results, which could have possibly been caused by the low purity of the quark/gluon identification of the jets. At LEP there has been considerable progress in jet identification, in particular by DELPHI [9] ; their result for the "Mercedes configuration" has been compared successfully [4] with the analytic calculation [6, 11] . Comparison with the limited results by OPAL [10] , averaged over a large range of jet angles, has been moderately successful.
In this paper we compare the experimental results for the various symmetric and asymmetric angular configurations of qqg presented by DELPHI and OPAL for the full angular region, along with the results for qqγ and two jet events with theoretical predictions. Furthermore, we discuss the energy and jet resolution dependence of the effect which has been ignored in the previous analyses.
Angular pattern of particle flows

Perturbative results and dependence on the jet selection
Let us begin by recalling the main ideas [6] in the perturbatively-based calculation of particle flows in e + e − → qqg at high energies in comparison with e + e − → qqγ. We consider the configurations where all the angles Θ ij between jets are large (i = {+ − 1} ≡ {qqg} or i = {+−} ≡ {qq}). Within the perturbative picture, the angular distribution of soft inter-jet hadrons is calculated from the distribution of soft gluons radiated coherently off the colour antenna formed by the primary emitters (q, q and g) or (q and q).
The angular distribution of a secondary soft gluon, g 2 , is derived in lowest order perturbation theory from the corresponding Feynman diagrams of single gluon emission off the primary partons. For the qqγ process one finds neglecting the recoil with 4-momenta p + , p − and k 2 and soft gluon energy and transverse momentum E 2 and k t . A modification is necessary to take into account the fact that the "detected" gluon belongs to a parton jet. The results of the calculation for qqγ can be written as
and for qqg one finds
Here the angular distribution of soft gluon bremsstrahlung from the "antenna"-dipole ( ij) is obtained from (1) and reads
,
This angular distribution is the same as that for photon bremsstrahlung in QED -as it occurs, for example, in e + e − pair creation. Unlike the QED case, however, there are also the QCD-specific colour factors and the "cascading factor" N g (Y ), which takes into account the fact that g 2 is part of a jet. It represents the derivative of particle multiplicity in a gluon jet with respect to Y = ln(K T /Q 0 ) at the appropriate maximal transverse momentum scale K T and cut-off Q 0 . The parameter Q 0 is determined from a fit to the multiplicity data together with the QCD scale Λ (Q 0 Λ, see, for example [4] ).
The scale K T depends on the way the jets are selected. To see this, we write down the perturbative expansion for the emission of gluon g 2 in (2) from the primary parton p as follows (see also [12] )
The first term corresponds to the Born result for direct gluon emission in (1), the second one to the emission through the intermediate parton a. We denote by k t ab and Θ ab the transverse momentum and angle respectively of parton a with respect to parton b, in addition Θ ap ≡ Θ a ; the leading order multiplicity anomalous dimension is given by γ 2 0 (k t ) = 2N C α s (k t )/π. Equation (5) is written in DLA, but it can also be generalized to MLLA after inserting the appropriate splitting functions in all intermediate branchings.
In the second equation in (5) we have replaced the integral over the angle Θ ap by the integral over Θ a2 , as the leading contribution to the a integral comes from the region of quasi-collinear emission n a n 2 ; then we also replace the corresponding angles involving particle a in W +− . Furthermore, the order of integration between E a and E 2 is interchanged (E 2 < E a ). Now, the angular integral in the second term has to satisfy the "angular ordering" requirement, i.e. the emission angle of the intermediate parton a should respect
Then the angular integral can be performed with Θ a2 < Θ 2 in pole approximation 1 . Next we discuss the limits of the energy integrations in (5). The lower limit E min is determined by the transverse momentum cut-off. For gluon emission inside a well separated jet one requires k t > Q 0 , therefore E min ≈ Q 0 /Θ 2 in the small angle approximation. In case of emission from a boosted"dipole" as in (1) an azimuthal dependence of the effective cut-off Q 0 around the jet axis is generated. To estimate this effect we consider a generalization of the cut-off restriction following from (1)
which approaches the limitk t = k t for theback-toback configuration. For our applications the effective k t cut-off Q 0 will then change by up to a factor 2. In the asymptotic expansion of multiplicity [14, 2] 
Y such a rescaling Q 0 → βQ 0 would modify only the c 3 term, therefore the leading (DLA) and next-to-leading (MLLA) results remain unchanged. Numerically, for the present analysis we estimate the effect on N in (2),(3) from the variation of Q 0 to be at the 10-20% level where we take into account the data in Fig. 4a below. In our application of analytic high energy approximations (large K T /Q 0 ) we continue therefore with the cut-off k t > Q 0 in the following.
The upper limit E max of the energy integral depends on the jet selection procedure and we consider two cases a) no momentum restriction in jet selection In the simplest case, we require 2 or 3 respectively energetic particles in the given angular directions which define the jet directions. A more precise definition is possible using the energy-energy-multiplicity or energy-energyenergy-multiplicity correlations for 2 and 3 jets [15, 3] . For
